In this study, reconstruction experiments with purified avian myeloblastosis virus (AMV) IN and retroviruslike donor substrates containing wild-type and mutant termini were performed to map the internal att DNA sequence requirements for concerted integration, here termed full-site integration. The avian retrovirus mutations were modeled after internal att site mutations studied at the in vivo level with human immunodeficiency virus type 1 (HIV-1) and murine leukemia virus (MLV). Systematic overlapping 4-bp deletions starting at nucleotide positions 7, 8, and 9 in the U3 terminus had a decreasing detrimental gradient effect on full-site integration, while more internal 4-bp deletions had little or no effect. This decreasing detrimental gradient effect was measured by the ability of mutant U3 ends to interact with wild-type U3 ends for full-site integration in trans. Modification of the highly conserved C at position 7 on the catalytic strand to either A or T resulted in the same severe decrease in full-site integration as the 4-bp deletion starting at this position. These studies suggest that nucleotide position 7 is crucial for interactions near the active site of IN for integration activity and for communication in trans between ends bound by IN for full-site integration. The ability of AMV IN to interact with internal att sequences to mediate full-site integration in vitro is similar to the internal att site requirements observed with MLV and HIV-1 in vivo and with their preintegration complexes in vitro.
The integration of the retrovirus linear DNA genome into the host chromosome is mediated by the retrovirus integrase (IN) (for reviews, see references 4, 17, 24, and 35). The integration process involves the concerted insertion of the viral DNA termini by IN into cellular DNA, here termed full-site integration. In vivo, the first ϳ15 bp of the long terminal repeat (LTR) sequences at the viral DNA termini is required to various degrees for both 3Ј OH trimming of the blunt-ended termini and subsequent insertion of the recessed termini into the host chromosome (3, 4, 8, 10, 16, 28, 32, 33) . These ϳ15-bp LTR end nucleotides are termed attachment (att) site sequences (4) .
Several pathways have been used to investigate retrovirus full-site integration at the in vitro level. The most direct route has been by the characterization of preintegration complexes (PIC) isolated from the cytoplasm of newly virus-infected cells (3, 5, 8, 14, 25, 39) . Studies with several retroviruses have suggested that the LTR ends in the PIC are held together by a protein bridge presumably promoted by IN (3, 31, 40) , although one or more cellular proteins also may have similar bridging functions (13, 26, 39, 40) . Two 3Ј OH recessed termini interact to form a functional PIC for integration in vitro; this entity is termed an intasome (3, 8, 39, 40) . Intasomes are characterized as having bacteriophage Mu-mediated PCR (MM-PCR)-protected footprints spanning several hundred base pairs at each end of the viral DNA and enhancements near the LTR ends, both requiring functional IN. The relationship of the relatively large MM-PCR-protected footprints (ϳ200 bp) observed in the PIC to the ϳ15-bp attachment (att) site sequence requirement for integration in vivo is unknown (3, 8) .
Reconstitution experiments with purified IN and linear retrovirus-like DNA substrates (ϳ500 bp in length) is another approach for investigating the full-site integration process at the in vitro level. Avian myeloblastosis virus (AMV) IN purified from virions (36) (37) (38) or recombinant Rous sarcoma virus (RSV) Prague A (PrA) IN (30) efficiently mediates concerted insertion of recessed LTR ends from two donor molecules (bimolecular reaction) into circular target DNA. The reaction products are characterized by direct physical assays-restriction enzyme analysis and agarose gel electrophoresis. Recombinant RSV Schmidt-Ruppin B IN also promotes full-site integration by inserting the termini of one donor substrate ϳ300 bp in length (unimolecular reaction) into target DNA, and this reaction is enhanced by a cellular protein, HMG-I(Y) (1, 22) . Recombinant simian immunodeficiency virus IN by itself (18) and human immunodeficiency virus type 1 (HIV-1) IN requiring the viral nucleocapsid (7) or HMG-1(Y) (22) for enhanced activities can also mediate full-site integration in vitro. In contrast, in the case of recombinant HIV-1 IN, HMG-1(Y) and several other DNA binding proteins do not enhance full-site integration (7) .
In this study, we produced a series of 4-bp deletions and several point mutations near the LTR ends of linear 480-bp substrates to determine which internal att site sequences are essential for full-site integration in vitro. The design of the avian internal LTR mutations was based on LTR mutations produced in different retroviruses examined at the in vivo level (3, 8, 28, 32, 33, 39, 40) and on isolated PIC containing mutant viral DNA (3, 8, 40) . Systematic 4-bp deletions starting at nucleotides 7, 8, and 9 had a decreasing detrimental gradient effect on full-site and half-site integration activities, while other, more internal 4-bp deletions had little effect on these activities. For reference, half-site integration is defined as the insertion of a single LTR end by IN into a target. The highly conserved pyrimidine nucleotide (C) at position 7 from the end is also essential for mediating efficient trans interactions be-tween two LTR ends bound by IN for full-site integration. The LTR sequence requirements observed with avian IN for fullsite integration in vitro appear similar to the LTR DNA requirements observed in vivo and with the purified PIC in vitro.
MATERIALS AND METHODS

Construction of LTR donor mutants.
A series of mutations ( Fig. 1B and C) were introduced into one LTR end of a linear 480-bp DNA donor that contained wild-type (wt) U3 sequences at both ends of the DNA (Fig. 1A) (38) . The parental wt U3-U3 donor fragment was located at the NdeI site of pUC19. Oligonucleotides containing the appropriate mutations were used as primers for PCR amplification of the U3-U3 donor. In all cases, the modified U3 end was located adjacent to the internal BglII site (Fig. 1B) , allowing for uniform analysis of the donor-target recombinants following BglII digestion and agarose gel electrophoresis (see Fig. 4 ) (36) (37) (38) . After amplification and insertion of the NdeIdigested PCR products into pUC19, the appropriate plasmids were screened and sequenced at both LTR ends to verify the modified and unmodified U3 LTR sequences. Following NdeI digestion, the 480-bp fragment was isolated from various mutants on agarose gels and purified.
Full-site integration assay. The conditions for the full-site integration assay were previously described (36) . All of the reactions were performed in the linear range for strand transfer activities (ϳ40 to 50 nM IN for 10 min at 37°C). At 50 nM IN, the IN dimer/donor LTR end molar ratio is 12:1. In some experiments, the concentration of IN was varied. The donor/target molar ratio was 1:1. After strand transfer, the samples were processed and subjected to agarose gel electrophoresis. Digestion of the donor-target products by BglII was previously described (37) . BglII digestion of the full-site products obtained with wt and mutant donors produced the same 3.7-, 3.3-, and 2.9-kbp fragments (see Fig. 4 ) (18, 29) . U3* represents a modified wt U3 LTR sequence (see Fig. 3 to 5). The amount of 5Ј 32 P-labeled donor incorporated into target DNA as either a halfsite or a full-site integration product was determined with a Molecular Dynamics STORM PhosphorImager (37) .
Nitrocellulose filter DNA binding assays. Each 480-bp donor was cut with HinfI, releasing three fragments, a wt U3 end (253 bp), a fragment derived from the middle of the donor and containing two HinfI ends (36 bp), and a mutant U3 end (191 bp). The fragments were 5Ј end labeled with [␥- 32 P]ATP by use of polynucleotide kinase. Alternatively, the 480-bp LTR donors were labeled at the NdeI site prior to digestion with HinfI, eliminating the labeling of the internal 36-bp DNA fragment. In either case, the homogeneous mixture of labeled fragments was preincubated at 0°C for 10 min with various concentrations of IN under normal strand transfer conditions with 0.33 M NaCl. The IN-DNA complexes were immediately filtered at room temperature onto nitrocellulose filters equilibrated with 0.33 M NaCl buffer. The IN-DNA samples were washed with two independent 0.1-ml washes of the same buffer. The bound DNA was quantified by Cerenkov counting and subsequently eluted from the filters with a sodium dodecyl sulfate-containing buffer. After ethanol precipitation, the entire FIG. 1. Small deletions just distal to the LTR end affect full-site integration. (A) A 480-bp LTR donor containing wt U3 LTR sequences at both ends was produced by NdeI digestion, as indicated by the arrows at the CA dinucleotide. The internal region (indicated by dashes) of the donor contains the supF gene (37) . (B) A series of 4-bp deletions were introduced only into the U3 LTR that maps closest to the unique BglII site in the donor. Only the catalytic strand is shown, and the recessed AC dinucleotide in 3Ј OH recessed ends is underlined. The 4-bp deletions are indicated by dashes. The numbering of the positions starts from the blunt end of the donor. SupF, supF gene used for genetic selection. (C) Nucleotide 7 (C) was changed to an A or a T at one U3 terminus, while the other U3 LTR sequence was not modified. In the U3ϩA@P7 mutation, only an A nucleotide was inserted prior to the C nucleotide at position 7 while the other U3 LTR end was not modified.
sample from each binding assay was loaded onto 2% agarose gels, which permitted separation of the above three fragments. The gels were dried, and the quantities of the retained fragments were defined with the PhosphorImager. The percentage of each fragment bound by IN was determined and compared to data for DNA controls not bound to IN. The controls were DNA in buffer alone and processed on agarose gels as described above or DNA alone placed on a filter without washing and then processed. Purified HinfI fragments containing only one LTR end were used in previous integration assays (29) .
Purification of IN. AMV IN (19) and recombinant RSV PrA IN (30) were purified as previously described.
RESULTS
Small deletions of nucleotides just distal to the LTR ends affect full-site integration activity. We had established that nucleotides 5 and 6 from the blunt-ended LTR ends play a critical role in the preferential usage of wt U3 over wt U5 LTR ends by avian IN for 3Ј OH processing and full-site integration in vitro (29, 38) . To investigate the effect of LTR sequences distal to nucleotides 5 and 6 on full-site integration, a series of 4-bp deletions were constructed at one end of a U3-U3 donor while the wt U3 sequence was maintained at the other end (Fig. 1B) . The LTR deletion mutations started at nucleotide position 7 and overlapped each other. In all deletion mutants, the modified sequences showed no resemblance to the wt U3 sequences (Fig. 1B) . The numbering of the nucleotide positions started at the blunt-ended LTR end.
The wt U3-U3 donor and the donors containing a wt U3 end and a U3 end with a 4-bp deletion (Fig. 1B) were preincubated with AMV IN on ice for 10 min. Supercoiled DNA (2,867 bp) was added as a target, followed by immediate incubation for 10 min at 37°C. The total amounts of donor DNA incorporated into the target DNA for the wt U3-U3 and U3⌬7-10 donors were ϳ12 and ϳ8%, respectively, with the strand transfer activities of the other LTR deletion mutants occurring near or between these two values (Fig. 2) . The percentages of donor molecules inserted into the products (half-site and full-site) (see Fig. 4 ) were generally equivalent. These results show that there is no major variation in the observed half-site and fullsite products produced by the wt and mutant donors prior to BglII digestion.
To compare full-site integration activities between wt and mutant LTR donor ends, nearly equivalent quantities (counts per minute) of each reaction, similar to those shown in Fig. 2 , were not or were subjected to BglII restriction digestion (Fig.  3) . The undigested half-site and full-site products produced by each donor are shown in the odd-numbered lanes of Fig. 3 . The full-site products containing the different LTR ends were subjected to BglII digestion, producing three possible bimolecular full-site integration products (Fig. 3 , even-numbered lanes) (36) (37) (38) . Note that the wt U3-U3 donor in Fig. 3 makes only U3/U3 (see below) full-site integration products which, upon BglII digestion, migrate at the same 3.7-, 3.3-, and 2.9-kbp positions as the three products produced by mutant donors (Fig. 4 and Table 1 ) (29) . Within each mutant donor set, the integration reactions occurring between two wt termini (designated U3/U3), one mutant end with one wt end (U3*/U3), and two mutant ends (U3*/U3*) are shown on the right side of Fig. 3 and illustrated in Fig. 4 .
In comparison to the wt U3-U3 donor BglII digestion pattern (Fig. 3, lane 2) , only the U3⌬7-10 donor (lane 4) showed a major loss of activity for the U3*/U3* and U3*/U3 full-site products and the U3* half-site product ( Table 1 ). The adjacent U3 LTR deletion mutants, U3⌬8-11 (Fig. 3, lane 6 ) and U3⌬9-12 (lane 8), showed a less extensive loss of activity for these matching full-site reactions. The U3⌬12-15 deletion (Fig.  3, lane 10 ) and the U3⌬23-26 deletion (data not shown) ( Table  1 and Fig. 1 ) had nearly wt activities for both their full-site and their half-site integration reactions. The results suggest that the critical interactions for IN to mediate full-site (or half-site) integration map to at least position 7 (C nucleotide) from the LTR end, with nucleotides 8 to 12 also influencing these reactions but to a lesser extent. (Fig. 1) . The samples were subjected to 1% agarose gel electrophoresis and exposed to X-ray film. The odd-numbered lanes contain no IN, while the even-numbered lanes contain IN. The half-site and full-site integration products as well as the donordonor products and the donors are indicated on the left. The half-site reaction identifies the insertion of only one LTR end per target molecule (see Fig. 4 ).
FIG. 3. Defining internal LTR sequence requirements for communication in
trans between LTR ends for full-site integration. The donor-target products from the indicated wt and mutant donor reactions were digested with BglII and subjected to 1.5% agarose gel electrophoresis. The five donors are identified at the top. The samples were not (Ϫ) or were (ϩ) digested with BglII. The undigested half-site and full-site products are identified on the left, and the digested products are identified on the right. The products containing the various U3 LTR deletions are identified by U3*. U3/U3, U3*/U3, and U3*/U3* are 3.7, 3.3, and 2.9 kbp long, respectively (see Fig. 4 ). Note that only U3/U3 full-site products are possible with the wt-U3-U3 donor (lane 2). The donor-donor products and the donor substrates were run off of the 1.5% agarose gel.
The same LTR donors (Fig. 1B) were used with purified recombinant RSV PrA IN (29) under standard assay conditions for strand transfer. The total amounts of full-site and half-site integration products (Fig. 2) as well as their BglII restriction products (Fig. 3 and 4) were essentially the same as those observed with AMV IN (data not shown). These results suggest recombinant RSV PrA IN has similar physical interactions and sequence recognition at the LTR ends as virionderived AMV IN, as well as a high fidelity for producing the avian 6-bp host site duplication (38) .
A quantitative comparison of reactions between wt U3-U3 and the 4-bp LTR deletion mutants ( Fig. 3 and 4) is shown in Table 1 . As visualized in Fig. 3 , only the U3⌬7-10, U3⌬8-11, and U3⌬9-12 donor ends had appreciable effects on both the half-site and the full-site integration reactions in comparison to their respective wt donor ends in the same reaction mixture. Of particular interest, both the U3*/U3 and the U3*/U3* full-site reactions and the U3* half-site reaction recover catalytically at similar rates as the deletions map further from the LTR end (Fig. 3, even-numbered lanes) . These results suggest that there is a close correlation between the capability for half-site integration and functionality for full-site integration (Table 1) .
Several other observations were apparent in the above 4-bp LTR deletion mutant studies. The quantity of the U3/U3 fullsite reaction product (Fig. 4, 3 .7-kbp product) was increased ϳ3-fold with the ⌬7-10 donor (Fig. 3, lane 4) relative to the quantity of the 3.7-kbp U3/U3 product derived from the wt U3-U3 donor (Fig. 3, lane 2) . This result suggests that the affinity of IN is higher for the wt U3 LTR end than for the U3⌬7-10 LTR end, both present in the same mixture (1, 29) .
FIG. 4. Diagram for half-site and full-site integration with
BglII digestion of donor-target products. The LTR donor is depicted containing a wt U3 end (black box) and a mutant U3* end (open box). A unique BglII site is located ϳ40 bp from the mutant U3* end. After preincubation with IN, the integration reaction is started by the addition of the target. The half-site reaction is depicted by the insertion of one LTR donor per target. The full-site reaction is depicted by the concerted insertion of two separate LTR donors per target, producing linear 3.8-kb products. BglII digestion of both donor-target products reveals the frequency of LTR end usage for both the half-site and the full-site integration reactions (37) . The sizes of the fragments resulting from BglII digestion are depicted on the bottom right. a The average of three independent experiments was used to calculate the relative efficiencies of the half-site and full-site integration reactions for each donor set. The activity of the wt U3 end was set to 1 for each reaction with each donor substrate because the observed wt U3/U3 full-site reactions vary significantly between donors (Fig. 3) . The U3-U3 donor substrate set contains only wt U3 events in all five reactions. U3* represents the mutant LTR end reactions with wt U3 or with itself.
To account for the severely reduced quantity of the U3*/U3 product (Fig. 3, lane 4 and Fig. 4, 3.3-kbp products) , the U3⌬7-10 mutation must have blocked the inclusion of the wt U3 end in nucleoprotein complexes capable of producing U3*/U3 products more than the other mutations did (Fig. 3,  lanes 6, 8, and 10 ). This latter result is consistent with the in vivo observation that two good LTR ends are necessary for 3 Ј OH processing of both blunt-ended termini (32, 33) ; the same also appears to apply to the full-site integration reaction with 3Ј OH recessed termini (Fig. 3) (29) . However, the wt U3 end on the U3⌬7-10 donor is able to incorporate the U3* donor end to a small degree into nucleoprotein complexes producing the U3*/U3 product (Fig. 4, 3.3-kbp product) , while the defective U3* half-site and the U3*/U3* full-site products (Fig. 3,  lane 4 , faint bottom fragment, and Fig. 4 , 2.9-kbp products) are barely detectable. This "rescuing" effect for full-site integration by the wt U3 end suggests that IN must interact physically with the mutant U3* end, allowing communication between these ends to occur in trans. Therefore, IN must be binding to the defective U3* ends.
Nucleotide 7 (C) is critical for full-site integration. The above LTR deletion studies suggest that position 7 plays a critical role in promoting full-site strand transfer. We modified the C nucleotide at position 7 (Fig. 1C) to determine whether it was necessary for full-site integration (Fig. 5) . The single nucleotide change from C to A (U3P7C/A) at this position (Fig. 5A, lane 6) had the same effect on full-site and half-site integration reactions as the U3⌬7-10 mutation (Fig. 5A, lane  4) . This pyrimidine-to-purine nucleotide substitution (U3P7C/A) effectively blocked the inclusion of wt U3 in nucleoprotein complexes producing the full-site U3*/U3 product. The insertion of a single A nucleotide prior to the C nucleotide at position 7 in another donor (Fig. 1C) produced results nearly identical to those observed with the U3P7C/A mutant (data not shown). Recombinant PrA IN displayed a response to the U3P7C/A mutant nearly identical to that of AMV IN (data not shown). The results suggest position 7 (C nucleotide) plays a critical role in the alignment of IN at the LTR ends, thereby allowing IN to communicate in trans between two LTR ends for full-site integration.
We investigated whether the other pyrimidine nucleotide (T) could substitute for the C nucleotide at position 7 (U3P7C/T) (Fig. 1C) . Protein titration experiments with IN to measure strand transfer demonstrated that the T substitution in the U3-U3P7C/T donor resulted in an ϳ40% decrease of activity relative to that obtained with the wt U3-U3 donor for the total observed half-site and full-site strand transfer reactions (data not shown) (Fig. 2) . BglII restriction analysis showed that the U3P7C/T end was slightly more effective in communicating in trans with the wt U3 LTR end (Fig. 5B , the U3*/U3 reaction) than the U3P7C/A end (Fig. 5A) to mediate full-site integration. This slightly greater effect was observed by comparing quantitative full-site product data (U3*/U3 divided by U3/U3 within each set of reactions) (Fig. 5) . By comparison of the average of four independent experiments with the U3P7C/T donor to results obtained with either the U3P7C/A or the U3⌬7-10 donor, it was determined that the C/T substitution was 2.5 times more effective than the other mutations at position 7 for promoting full-site reactions with wt U3. The results suggest that a pyrimidine nucleotide is preferred at position 7 (CϾT) and that this nucleotide is critical for IN recognition, maximum strand transfer activity, and assembly of nucleoprotein complexes capable of full-site integration.
Retention of LTR DNA on nitrocellulose by IN does not correlate with full-site integration activities. IN binds to DNA termini in a nonspecific fashion in vitro (2, 4, 41) . We investigated whether DNA binding by IN under high-salt conditions for strand transfer to wt U3 LTR ends was significantly different from that to mutant U3 LTR ends, thereby accounting for some of the major differences observed at the strand transfer level. All of the donors were cut with HinfI, producing two LTR-containing fragments of 191 and 253 bp (29) . The smaller fragment always contained the mutant LTR end. The donors were labeled either at the terminal NdeI sites or at both the NdeI and the HinfI sites. The latter technique allowed labeling of the internal 36-bp fragment containing only terminal HinfI sites.
IN was preincubated at 0°C for 10 min with each set of HinfI fragments derived from wt U3-U3, U3⌬7-10, and U3P7C/A donors under standard 0.33 M NaCl integration conditions. The concentration of IN was varied from 5 to 50 nM, and the donor DNA concentration was kept at 10 ng. The samples FIG. 5 . Conserved nucleotide 7 (C) of the U3 LTR is critical for trans interactions between LTR ends for full-site integration. (A) The U3-U3, U3⌬7-10, and U3P7C/A donors were used as substrates for insertion into pGEM with AMV IN (50 nM). The samples were not (Ϫ) or were (ϩ) digested with BglII prior to electrophoresis on 1.5% agarose. The undigested half-site and full-site products are identified on the left, and the digested fragments are identified on the right. The donor-target products containing the various modified U3 LTR ends are identified by U3* (Fig. 4). (B) The U3-U3 and U3P7C/T donors were analyzed as described for panel A. The concentration of IN was 25 nM. The nomenclature is the same as that used in panel A.
were filtered onto nitrocellulose filters at room temperature. No major differences were observed between the different LTR-containing donors in the total quantity of DNA retained on the filters. The quantity of retained DNA was nearly proportional to the IN concentration, with ϳ80% of the DNA of each donor set being retained at between 30 and 40 nM IN (data not shown).
To determine if IN was able to selectively retain one LTR fragment over another, the retained fragments were eluted from the filters and the samples were subjected to agarose gel electrophoresis. No major differences were observed between the quantities of any mutant U3 and wt U3 LTR fragments (data not shown) retained on the filters. We cannot exclude the possibility that IN binds selectively or nonselectively to the 5Ј 3-base overhang associated with the HinfI end on each fragment (or to internal regions), resulting in the observed DNA binding data. However, the 36-bp DNA fragment containing two HinfI ends was not retained by IN on the nitrocellulose filters. These results suggest that AMV IN bound to all of the LTR donor ends in a similar quantitative but not qualitative fashion.
DISCUSSION
In this report, the LTR sequence requirements with either AMV IN or recombinant RSV PrA IN and wt and mutant LTR donor substrates mirror the DNA att site requirements for full-site integration observed in vivo (3, 17, 28, 32, 33) and with the PIC in vitro (3, 8, 39, 40) . Earlier and more extensive mutational analyses of the LTR end sequences using oligonucleotides to define the requirements for 3Ј OH processing of blunt-ended termini or half-site strand transfer activities (2, 4, 6, 9, 11, 12, 15, 23, 34, 41) also mirror the sequence requirements observed in our reconstitution experiments for full-site integration; that is, mutations at or near the LTR ends (Ͻ15 bp) control IN activities. Our studies suggest that mutations in one LTR end influence the ability of avian IN to mediate half-site as well as full-site integration activities with another LTR end (Fig. 2, 3, and 5) (1, 29, 39 ). The physical interactions that are observed between IN subunits bound to two LTR ends occur in trans. These apparent allosteric interactions regulate both the effective participation of LTR ends in nucleoprotein complexes and the observed full-site integration activity associated with the assembled nucleoprotein complexes.
Two active LTR ends are required for murine leukemia virus (MLV) IN to promote 3Ј OH processing of both bluntended LTR ends in vivo (32) as well as for IN-mediated MM-PCR enhancements and protection of LTR sequences in isolated MLV PIC (39, 40) or HIV-1 PIC (3, 8) . Concurring with MLV and HIV-1 models in vivo (3, 8, 28, 32, 33) , deletions in or modifications of internal sequences (Ͻ12 nucleotides from the end) have major effects in wt and mutant avian LTR ends on the promotion of full-site integration ( Fig. 2 and 3) . A 22-bp deletion starting at position 12 from the MLV LTR end has little or no effect on IN-associated properties in the PIC (40) . This lack of effect is also analogous to the effect of deletions more distal from the ends in the avian LTR (Fig. 2 and 3 and Table 1 ). In summary, although there surely are some differences between retroviruses, the ability of AMV IN to interact with the att sequences to mediate full-site integration in vitro appear similar to results observed in vivo with MLV and HIV-1 and their PIC in vitro.
IN binds to DNA ends in a nonspecific fashion (4) . The nitrocellulose filter DNA binding studies with the U3 LTR deletion mutants and AMV IN revealed no specific preference toward wt or mutant ends. The DNA binding specificities of IN for LTR fragments in 0.33 M NaCl were nearly equivalent and were not related to strand transfer activities. However, it appears that the interactions of IN with several defective U3 LTR ends ( Fig. 3 and 5 , U3*/U3 reactions) are sufficient to allow communication in trans with the wt U3 end to mediate full-site integration, arbitrarily at a lower level. The ability of IN to bind defective LTR ends may be biologically significant because even with one defective end, IN would still have the ability to mediate integration in vivo at a lower level (3, 8, 28, 32, 33, 39, 40) . The DNA binding and strand transfer data together suggest that the binding of IN to LTR ends is necessary but not sufficient to effectively mediate full-site integration. Specific interactions with IN must occur at the LTR sequence level.
Several models describing specific interactions of IN with viral LTR DNA ends and target DNA within nucleoprotein complexes have been described in detail (12, 20, 21) . The first three to four nucleotides from the HIV-1 LTR ends are photocross-linked to several specific regions of the catalytic core domain (residues 50 to 200) of HIV- 1 IN (12, 20, 21) . Mutational analysis of the carboxyl terminus of IN (residues 220 to 270) showed that residues L234 and R262 are critical for DNA binding (27) . Residues R262 and K263 reside within a peptide photo-cross-linked to nucleotides at position 6 or 7 from the 3Ј end of the viral DNA (20, 21) . Nucleotide 7 was also found to be highly photo-cross-linked to this same carboxyl-terminal region of IN (12) . In this report, position 7 (a C nucleotide) from the avian U3 LTR end coincides with this notion and appears to contribute significantly to the ability of AMV IN to mediate communication between two LTR ends bound by IN for full-site integration activity as well as for half-site strand transfer activity in vitro ( Fig. 5A and B) . In addition to nucleotide 7, the more distal nucleotides 8 to 12 also appear to influence full-site integration activity ( Fig. 3 and Table 1 ) to various degrees, a result which is also consistent with IN interacting with these specific nucleotides (12) .
In summary, our reconstitution experiments using purified IN and retrovirus-like DNA substrates closely mirrored the internal LTR sequence requirements observed either for integration in vivo or for the integration activity of purified PIC in vitro. Although not fully investigated, the avian LTR sequence requirements for full-site integration activity in vitro have allowed us to establish parameters to further investigate the assembly requirements for nucleoprotein complexes capable of mediating full-site integration. Molecular footprinting of these nucleoprotein complexes may allow us to determine whether other LTR sequences, besides those necessary for integration activity and communication in trans, are also necessary for the assembly process. Comparisons of molecular footprinting studies with assembled components for full-site integration to footprinting studies with the PIC capable of full-site integration should be enlightening.
